The vast majority of the ~3000 different proteins required to build a fully functional chloroplast are encoded by the nuclear genome and translated on cytosolic ribosomes. As chloroplasts are each surrounded by a double-membrane system, or envelope, sophisticated mechanisms are necessary to mediate the import of these nucleus-encoded proteins into chloroplasts. Once inside the organelle, many chloroplast proteins engage one of four additional protein sorting mechanisms that direct targeting to the internal thylakoid membrane system.
Introduction
Plastids are a heterogeneous family of organelles found ubiquitously in plant and algal cells [1] . Most prominent amongst these are the chloroplasts, which contain the green pigment chlorophyll and are responsible for the light-harvesting and carbon-fixation reactions of photosynthesis, as well as for the synthesis of many essential metabolites, such as fatty acids and amino acids. Other members of the plastid family include the amyloplasts, which contain large quantities of starch and play important roles in energy storage and gravitropism, and the chromoplasts, which accumulate the red-orange-yellow carotenoid pigments and so act as attractants in flowers and fruits.
Like mitochondria, plastids entered the eukaryotic lineage through endosymbiosis. They are thought to be of monophyletic origin, and to have evolved from an ancient photosynthetic prokaryote similar to presentday cyanobacteria [2, 3] . While plastids retain a functional endogenous genetic system, the plastid genome is greatly reduced, encoding only about 100 different proteins, and so most plastid proteins must be imported from outside of the organelle [3, 4] . As all plastids within an organism contain the same limited complement of genes, it is the imported proteins that define the developmental fate of the organelle with respect to the different plastid types referred to above. Over 90% of the ~3000 different proteins present in mature chloroplasts are encoded on nuclear DNA and translated in the cytosol [3, 4] . These proteins are synthesized in precursor form -each bearing an amino-terminal targeting signal called a transit peptide -and are imported into the organelle by an active, post-translational targeting process (Figure 1 ). This process is mediated by molecular machines in the outer and inner envelope membranes, referred to as 'Translocon at the outer envelope membrane of chloroplasts' (Toc) and 'Translocon at the inner envelope membrane of chloroplasts' (Tic), respectively [4] [5] [6] [7] . Upon arrival in the stroma, the transit peptide is removed and the protein either takes on its final conformation or is sorted to one of several internal compartments in a separate targeting process [4, [8] [9] [10] [11] .
Chloroplasts are complex organelles comprising six distinct suborganellar compartments: they have three different membranes (the two envelope membranes and the internal thylakoid membrane), and three discrete aqueous compartments (the intermembrane space of the envelope, the stroma and the thylakoid lumen). One of the consequences of this structural intricacy is that the internal routing of chloroplast proteins is a surprisingly complex process [ We shall review the components and processes that contribute to protein import into chloroplasts, and to the sorting of chloroplast proteins to different suborganellar compartments. As many recent reviews [4] [5] [6] [7] [8] [9] [10] [11] have already dealt with these issues in detail, we shall focus in particular on the recent advances which have occurred in both fields.
Envelope Translocation Targeting Signals
For most nucleus-encoded proteins of the chloroplast interior, protein import is dependent upon the presence of an amino-terminal targeting signal, or transit peptide [12] . Transit peptides engage the protein translocation machinery directly [13] [14] [15] [16] , and are sufficient to mediate the import of heterologous passenger proteins, such as green fluorescent protein (GFP) [17] . As they emerge on the stromal side of the envelope, they are cleaved at a weakly conserved processing site by the stromal processing peptidase (SPP) -a metalloendopeptidase related to the β β subunit of the mitochondrial processing peptidaseand then degraded [18] .
As significant mistargeting of chloroplast precursor proteins (preproteins) would likely be cytotoxic, there is a need to sort proteins efficiently and specifically to chloroplasts, avoiding other organelles that also accept cytosolically translated precursor proteins, such as mitochondria, peroxisomes and the endoplasmic reticulum (ER). One might therefore expect chloroplast transit peptides to share well-defined primary or secondary structural motifs. On the contrary, transit peptides are remarkable in their heterogeneity [12] . They vary in length from 20 to >100 residues, and have no extended blocks of sequence conservation. Superficially, their only conserved properties are an abundance of hydroxylated residues and a paucity of acidic residues, giving them a net positive charge. In this regard, transit peptides bear some resemblance to the cleavable presequences that mediate protein import into mitochondria [19] . Some preproteins are dual-targeted to both chloroplasts and mitochondria [20], indicating a degree of functional similarity between the two types of targeting signal.
While mitochondrial presequences form amphipathic helices, with one positive surface and one hydrophobic surface, transit peptides do not seem to form secondary structure in aqueous solution [12] . It is possible that their inherently unstructured nature is important for the recruitment of cytosolic factors that mediate early stages in the import pathway (see below) [21] . Alternatively, transit peptides may take on a characteristic structure only upon contact with the uniquely composed outer envelope membrane, as it has been demonstrated that certain transit peptides become helical in membrane mimetic environments [12] .
The lack of conservation amongst transit peptides makes their identification rather difficult. Nevertheless, several programs have been developed that are able to predict transit peptides with reasonably high specificity and sensitivity [ ; some of these are targeted with the aid of SRP machinery (white), whereas others appear to insert 'spontaneously' into the membrane without assistance from other factors. Similarly, most outer envelope membrane proteins are targeted without the aid of cleavable targeting signals, and it has also been proposed that their insertion occurs spontaneously; however, recent evidence suggests that some outer membrane proteins use components of the Toc system to gain access to the membrane. Finally, two different pathways are proposed to mediate targeting to the inner envelope membrane, both of which employ the Toc/Tic system. In the first of these, hydrophobic 'stop-transfer' signals within the mature part of the protein cause lateral exit from the Tic channel into the membrane. In the second pathway, complete translocation into the stroma is followed by export to the inner envelope membrane. Superficially, these two models seem to be mutually exclusive, but it is possible that the mechanism employed in vivo incorporates elements of both. For example, it is conceivable that Toc159 is able to mediate preprotein transit to the chloroplast surface (model 1) and drive outer envelope translocation (model 2 
Substrate-Specific Protein Import Pathways
The main components of the protein import apparatus were identified in the last ten years using biochemical approaches and chloroplasts isolated from pea seedlings (Figure 2 , two possible explanations were suggested: one is that multiple genes, whose transcription can be regulated independently, might be the simplest means of achieving the necessary tissuespecific and developmental patterns of expression; alternatively, the different genes might encode isoforms specialized for slightly different functions. As outlined below, strong evidence in support of the latter hypothesis has now been presented.
Characterization of an Arabidopsis atToc159 knockout mutant, termed plastid protein import 2 (ppi2), led to the attractive hypothesis that atToc159 is a receptor with specificity for highly abundant, photosynthetic proteins [50]. The ppi2 mutant has an albino phenotype as a result of a specific block in chloroplast differentiation, and, while photosynthetic proteins are deficient in ppi2, non-photosynthetic proteins seem to accumulate normally. As chloroplasts develop from undifferentiated proplastids during the photomorphogenic transition, the import apparatus must accommodate massive increases in the expression of key photosynthetic proteins. The existence of a separate receptor system for these proteins would prevent their bulk flow from out-competing the import of equally important, but much less abundant, non-photosynthetic, house-keeping proteins (Figure 4) (Figure 4) . The latter observation accounts nicely for the fact that an atToc33 knockout mutant, ppi1, has a phenotype qualitatively similar to that of the ppi2 mutant [56] . Moreover, the only growth defect exhibited by atToc34 knockout mutants occurs in the roots [57] . Toc itself but also in the nucleus, it would not be surprising to learn that chloroplast protein import is subject to redox regulation. The fact that the import of certain preproteins is influenced by light is certainly consistent with this hypothesis [70] , as such light-regulation might be mediated through redox signals. At present, however, it remains unclear how these three proteins might exert a regulatory effect on import, and whether they function in conjunction with other components of the import apparatus or in a separate import pathway [4, 7] . Another recent development has been the identification, within the Arabidopsis chloroplast proteome, of numerous proteins that are strongly predicted to have signal peptides for ER translocation [71, 75] . These results suggest that an alternative pathway for chloroplast protein targeting involving the endomembrane system may exist. Intriguingly, ultrastructural experiments revealed close associations between the chloroplast envelope and the endomembrane system many years ago [76] , and recent microscopy studies have shown that the envelope possesses profound structural fluidity [77] . But no direct evidence for the existence of such a novel protein targeting pathway has been reported.
Inner Envelope Translocation

Alternative Import Pathways
Targeting to the Envelope System
Other than the non-canonical targeting pathways referred to above, at least two different mechanisms exist for protein targeting to the chloroplast envelope [4] . Proteins that use the first of these, such as Toc34, do not have cleavable targeting signals, are relatively small and found only in the outer envelope membrane. The targeting of these proteins is not dependent upon envelope components sensitive to the protease thermolysin, or ATP as a source of energy. Targeting information seems to reside within hydrophobic transmembrane domains [78] and it has been suggested that these sequences are sufficient to mediate spontaneous insertion into the membrane bilayer [79] , without assistance from an import apparatus (Figure 1 ). Recent data, however, suggest that proteins using this pathway use the same translocation channel as those with In bacteria, the SecYEG translocon is intimately involved in the insertion of a wide range of membrane proteins that also interact with signal recognition particle, whereas the precise roles of the thylakoidal SecYE complex remain to be fully explored (discussed below). There are, however, indications that elements of the Sec machinery are indeed involved in the insertion of hydrophobic proteins that are encoded within the chloroplast. One example is cytochrome f. This protein is synthesized with a cleavable signal peptide and gene fusion studies have been used to import the protein into intact chloroplast using an attached transit peptide [101, 102] . After import, the transport of the protein into the membrane is highly sensitive to azide, a known inhibitor of SecA. This strongly suggests that the Sec pathway is involved in the targeting process and this fits with the overall structure of cytochrome f, as this protein is tethered to the thylakoid membrane by a carboxy-terminal membrane anchor with the bulk of the protein forming a globular domain in the lumen. Presumably, pre-cytochrome f is transported through the thylakoid membrane with the carboxy-terminal anchor acting as a 'stop-transfer' signal.
The Sec system may also be used for the insertion of multi-spanning thylakoid membrane proteins that are encoded within the chloroplast. These are particularly difficult to analyze using in vitro reconstitution assays, possibly because they normally insert co-translationally, but nascent chains of the five-span D1 protein have been shown to crosslink to SecY during the translation process, suggesting an involvement of the SecYE complex in this process [103] .
The Twin-Arginine Translocation (Tat) Pathway
The alternative means of transport across the thylakoid membrane is provided by the twin-arginine translocation (Tat) pathway. Substrates for this pathway also bear cleavable amino-terminal signal peptides but these targeting signals are recognized by a translocase that has only recently been characterised in any detail. The system derives its name from a twin-arginine motif, located in the amino-terminal region of the signal peptide, which is essential for translocation by this pathway [104] . Curiously, these signal peptides are otherwise very similar to Sec-type signal peptides: they contain clearly identifiable N-, H-and C-domains and similarly end with the Ala-Xaa-Ala consensus motif that specifies cleavage by TPP. Biochemical studies on this pathway revealed very unusual characteristics: translocation is wholly dependent on the thylakoidal ∆ ∆pH but not reliant on any form of nucleoside triphosphate [105] [106] [107] . Even more unusually, it has been shown that this system is capable of transporting proteins in a folded state [96, 108] , and this appears to be the defining attribute of this system. Genes encoding components of the Tat system were first identified in maize mutants [109, 110] In bacteria, the primary role of the Tat system again appears to lie in the translocation of fully folded proteins, and notable substrates in E. coli, for example, include periplasmic proteins that bind complex redox cofactors such as FeS and molybdopterin centers [111] [112] [113] . As these are inserted enzymatically in the cytoplasm -and only in the cytoplasm -it has been argued that the proteins must be exported in a largely, if not fully, folded form. There is even evidence that some proteins are exported in an oligomeric form [117] , which points to a remarkable translocation mechanism; somehow, this system must transport a wide variety of globular proteins -some over 100 kDa -while preserving the proton motive force and avoiding loss of ions and metabolites.
How is this achieved? Many aspects are poorly understood at present but the first clues have emerged in recent years from studies on the thylakoid and E. coli Tat systems. First, in vitro cross-linking studies have shown that Tat substrates bind preferentially to the Hcf106 and cpTatC subunits [118] , which suggests that these form the initial binding site for substrates. The two proteins run together in a large (~700 kDa) complex in blue-native gels of solubilized thylakoids [111] [112] [113] and the E. coli counterparts likewise purify as a large TatABC complex [119] . This points to the presence of multiple copies of each subunit, perhaps as many as six or seven, within the complex: an unusual feature in a protein translocation system.
In electrophoresis studies of thylakoids, Tha4 is not found together with Hcf106/cpTatC, but instead runs as separate complexes. The situation is slightly different in E. coli, where some TatA does co-purify with TatBC, but the vast majority again forms large, separate homooligomers [119, 120] . These fractionation data point to the existence of two distinct forms of Tat complex, and the important question is how each contributes to the overall translocation process. A potentially important clue came from a recent study [121] in which Tha4 was found to crosslink to Hcf106/cpTatC, but only in the presence of a proton gradient and ongoing protein translocation. This has led to models in which the binding of substrate to the Hcf106/cpTatC complex triggers the recruitment of the separate Tha4 complex to form the active protein translocon. This model is outlined in Figure 5 .
Energetics of Tat Translocation
The energetics of the Tat system were analyzed some time ago using in vitro assays for protein import into intact chloroplasts or isolated thylakoids, and several independent studies showed the thylakoidal ∆ ∆pH to be the essential (and only) requirement [105] [106] [107] . The thylakoid membrane establishes a substantial ∆ ∆pH under most conditions (over 3 pH units in high light, acidic inside) and one obvious possibility is that the Tat system effectively exchanges protons for proteins. This apparently key aspect of the plant Tat system was recently studied in some detail [122] . Careful measurements of the 'proton cost' during Tat-dependent protein import Review R1072 into isolated thylakoids revealed that ~30,000 protons are lost for every protein transported -a substantial cost by any standard [122] . This may reflect the actual difficulty of transporting proteins in a folded state, but another possibility is that this figure reflects both the translocation cost (the number of protons exchanged by the Tat apparatus per protein) plus proton leakage due to the apparent impossibility of completely sealing the channel during protein translocation.
There is an important issue here, however. Another recent study [123] examined the targeting of Tat substrates in vivo in the unicellular green alga Chlamydomonas reinhardtii and found no differences in maturation in the presence of uncouplers, using fairly stringent criteria to assess dissipation of the ∆ ∆pH. The authors were therefore obliged to conclude that the Tat system is not ∆ ∆pH-driven in vivo. Clearly, this area needs further study to resolve these apparently major differences.
Insertion of Thylakoid Membrane Proteins
Many hydrophobic proteins are inserted into the thylakoid membrane after import into the organelle, and a smaller number are inserted after synthesis on chloroplast ribosomes. While the latter are probably inserted co-translationally [103] , the former are of particular interest because they must avoid aggregation and remain transport-competent while in two different soluble phases -the cytosol and chloroplast stroma.
The insertion of these thylakoid membrane proteins has again been studied using in vitro reconstitution assays and, as with lumenal proteins, two very different mechanisms have emerged.
The SRP Pathway The signal recognition particle (SRP) pathway mediates insertion of the major light-harvesting chlorophyll binding protein, Lhcb1. Lhcb1 is synthesized with a presequence, but unlike those of lumenal proteins, this presequence specifies targeting only to the stroma and it is structurally and functionally indistinguishable from those of stromal proteins [124, 125] (this applies to most imported thylakoid membrane proteins). The insertion of Lhcb1 into the thylakoid membrane then requires SRP and its partner protein, FtsY, both of which hydrolyse GTP during their mode of action [126] [127] [128] . Once at the membrane surface, insertion depends on the integral membrane protein Alb3 [129] (Figure 6 ).
Like the Sec-and Tat-dependent translocation pathways, the SRP pathway was clearly inherited from the cyanobacterial progenitor of the chloroplast. The SRP/FtsY-dependent pathway is used for insertion of a wide range of plasma membrane proteins in bacteria (at least in E. coli, where this process has been most intensively studied). Alb3 is furthermore homologous to the E. coli YidC protein, which plays a critical role in membrane protein biogenesis in bacteria [130] . There are, however, differences in the insertion pathways that may stem from the post-translational Current Biology R1073 There is evidence that the role of SRP43 is to specifically recognize an 18-residue consensus sequence in the substrates for SRP [131] . The events at the thylakoid membrane may also be different. In bacteria, hydrophobic membrane proteins are usually recognized by SRP as soon they leave the ribosome -if not before -and this precludes interaction with the soluble elements of the Sec pathway. However, the two pathways converge at the SecYEG translocon, which is intimately involved in the insertion of plasma membrane proteins (reviewed in [132, 133] ). YidC is associated with the Sec translocon and appears to assist in the insertion of membrane proteins, but it is presently unclear whether the same applies in chloroplasts: Alb3 has indeed been found to co-immunoprecipitate with SecY from solubilized thylakoids, suggesting a functional interaction [134] , but antibodies to SecY were found to block import of lumenal proteins into thylakoids, whereas the insertion of Lhcb1 was unaffected [135] . So Alb3 may act on its own, but this issue really requires clarification. Otherwise, it is fair to state that, while the major players in this pathway have been identified, their modes of action remain unclear and we do not understand how such highly hydrophobic proteins are bound by soluble factors, shuttled to the membrane and then handed over to membrane apparatus and inserted.
The Major Pathway for Thylakoid Insertion Has Unique Properties
The SRP pathway is the predominant means of inserting plasma membrane proteins in E. coli, and the presence of homologous factors in chloroplasts originally suggested that this would also hold true for thylakoid membrane proteins. Surprisingly, this is not the case. In vitro assays for the insertion of a range of membrane proteins have shown that the vast majority of such proteins do not rely on any of the known protein transport machinery, including SRP, FtsY, Alb3 or the Sec/Tat apparatus, for insertion. Moreover, they show no reliance at all on nucleoside triphosphates or the thylakoidal ∆ ∆pH [136] [137] [138] [139] .
In view of this bizarre lack of requirements it has been suggested that these proteins insert spontaneously into the thylakoid membrane, although formal proof of this mechanism certainly requires additional evidence in the form of liposome and other experiments. The SRP/Alb3-independence of this pathway, however, has been underscored by studies in C. reinhardtii in which disruption of the alb3 gene was found to severely affect the accumulation of the light-harvesting chlorophyll binding proteins, while having no detectable effect on the levels of other thylakoid membrane proteins [140] . It thus appears that the chloroplast SRP/FtsY/Alb3 pathway is used almost exclusively by a specific group of light-harvesting proteins, although an involvement in the insertion of chloroplast-encoded proteins also appears likely, as described above.
This unusual pathway for membrane protein insertion appears to be unique to chloroplasts; although other examples of apparently spontaneous protein insertion have been demonstrated in isolated cases, there is no evidence for the use of such a 'simple' system in the form of a mainstream targeting pathway. So how can this pathway operate in chloroplasts? One possibility is that the unusual properties of thylakoid lipids permit this type of insertion mechanism; the thylakoid membrane is composed mainly of galactolipids with a high degree of unsaturation, and this may obviate the need for complex insertion apparatus. However, this seems overly simplistic at first sight and this insertion pathway needs to be dissected in detail for a full understanding. The salient aspects of the thylakoid membrane insertion pathways are described in Figure 6 .
Perspectives
Although recent, unexpected developments in the mitochondrial protein import field urge caution in this regard [19] , it seems likely that most components of the chloroplast protein import apparatus have now been identified. Thus, attention has turned to the assignment of specific functions to individual components, and to the elucidation of mechanistic details of the import process. Significant progress has been made in this direction, but it is clear -as evidenced by the conflicting models for preprotein recognition, and disagreement concerning the functions of putative Tic complex components -that further work will be required before a complete and accurate picture can be formed. An interesting recent development has been the identification of envelope translocation pathways that exhibit a degree of substrate specificity. In the future, it will be important to define these substrate specificities in greater detail, and to elucidate the properties within the respective transit peptides that form the basis for discrimination.
Moving inside the chloroplast, it is apparent that there is much to learn about the multitude of pathways used for the targeting of thylakoid proteins. The Tat pathway manages the remarkable feat of transporting large, folded proteins without collapsing the ∆ ∆pH, and we currently know very little about this mechanism. Most membrane proteins use a possibly 'spontaneous' insertion mechanism that just does not make sense at the moment -why do these proteins need so little assistance from translocation apparatus, when membrane proteins in other organelles and organisms need so much? And how do these thylakoid proteins avoid inserting into the wrong membrane? We have gone some way toward understanding the rationale for the existence of all these pathways, but the thylakoid may still have surprises in store.
